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ATP acts as an intercellular messenger in a variety of cells. In
the present study, we have characterized the propagation of Ca2+

waves mediated by extracellular ATP in cultured NHEKs (normal
human epidermal keratinocytes) that were co-cultured with mouse
DRG (dorsal root ganglion) neurons. Pharmacological charac-
terization showed that NHEKs express functional metabotropic
P2Y2 receptors. When a cell was gently stimulated with a glass
pipette, an increase in [Ca2+]i (intracellular Ca2+ concentration)
was observed, followed by the induction of propagating Ca2+

waves in neighbouring cells in an extracellular ATP-dependent
manner. Using an ATP-imaging technique, the release and dif-
fusion of ATP in NHEKs were confirmed. DRG neurons are
known to terminate in the basal layer of keratinocytes. In a co-

culture of NHEKs and DRG neurons, mechanical-stimulation-
evoked Ca2+ waves in NHEKs caused an increase in [Ca2+]i in the
adjacent DRG neurons, which was also dependent on extracellular
ATP and the activation of P2Y2 receptors. Taken together, extra-
cellular ATP is a dominant messenger that forms intercellular
Ca2+ waves in NHEKs. In addition, Ca2+ waves in NHEKs could
cause an increase in [Ca2+]i in DRG neurons, suggesting a dy-
namic cross-talk between skin and sensory neurons mediated by
extracellular ATP.

Key words: ATP, Ca2+ wave, cross-talk, dorsal root ganglion
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INTRODUCTION

The skin is the largest organ of the body and is exposed to mul-
tiple external stimuli. It protects water-rich internal organs from
harmful environmental factors such as dryness, chemicals, no-
xious heat and UV irradiation. In addition, the skin is exposed to
various substances such as ATP, bradykinin and histamine after
skin injury and during inflammatory skin diseases and allergic
reactions respectively. Thus the skin expresses various sensors for
environmental stimuli [1,2] or neurotransmitters [3–6]. Various
environmental stimuli or neurotransmitters often cause changes in
[Ca2+]i (intracellular Ca2+ concentration) in the skin [5,7,8]. Ca2+

dynamics play an important role in the homoeostasis of the skin
epidermis, the outermost part of skin tissue; the skin epidermis
tunes the balance between the proliferation and differentiation of
epidermal keratinocytes [1,9].

Propagation of intercellular Ca2+ waves from one cell to another
is a well-known phenomenon in non-excitable cells such as astro-
cytes [10,11], hepatocytes [12], epithelial cells [13] and endo-
thelial cells [14]. These cells lack regenerative electrical action
potentials but use Ca2+ waves for their long-range communi-
cations. In astrocytes, extracellular molecules such as glutamate
[11] and ATP [15], rather than gap junction via connexin43,
have been suggested to be important factors for the Ca2+ wave
[16]. Epidermal keratinocytes are non-excitable cells and do not
produce action potentials. However, the mechanisms of inter-
cellular Ca2+ waves in keratinocytes have received only limited
attention. Given that Ca2+ waves in keratinocytes are mediated
by the release of extracellular molecules, such signals may also
affect the activity of surrounding cells such as sensory neurons.
Although junctions have not been found between keratinocytes
and sensory termini, ultrastructural studies have shown that ker-
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atinocytes contact DRG (dorsal root ganglion) nerve fibres
through membrane–membrane apposition [17,18]. Immunostain-
ing of the neuronal marker PGP 9.5 (protein gene product 9.5)
revealed the presence of free nerve endings at epidermal keratin-
ocytes [19]. There is indirect evidence that keratinocytes com-
municate with sensory neurons via extracellular molecules. For
example, although dissociated DRG neurons can be directly activ-
ated by heat and cold, warm responses have only been demon-
strated in experiments where skin–nerve connectivity is intact
[20,21]. A warmth sensor, TRPV3, is present in epidermal ker-
atinocytes, but not in sensory neurons [19]. Sensory neurons
themselves sense various external stimuli, but there might be
skin-derived regulatory mechanisms by which sensory signalling
is modulated.

In the present study, we report that mechanical stimulation of
NHEKs (normal human epidermal keratinocytes) with a glass
pipette induces propagating Ca2+ waves in an extracellular ATP-
dependent manner. NHEKs release ATP and, in turn, the re-
leased ATP activates P2Y2 receptors in NHEKs. We also demon-
strate that, in a co-culture of NHEKs and DRG neurons, such
extracellular ATP-dependent Ca2+ waves in NHEKs cause in-
creases in [Ca2+]i even in the adjacent DRG neurons, suggesting
that dynamic cross-talk occurs between keratinocytes and DRG
neurons via extracellular ATP.

EXPERIMENTAL

Cell culture

NHEKs were obtained as cryopreserved first passage cells from
neonatal foreskins (Kurabo, Osaka, Japan). Cells were plated
on collagen-coated coverslips and then cultured in serum-free
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keratinocyte growth medium consisting of Humedia-KB2
(Kurabo), supplemented with bovine pituitary extract (0.4 %,
v/v), human recombinant epidermal growth factor (0.1 ng/ml), in-
sulin (10 µg/ml), cortisol (0.5 µg/ml), gentamicin (50 µg/ml)
and amphotericin B (50 ng/ml). The media were replaced every
2–3 days. For co-culturing NHEKs and mouse DRG neurons,
NHEKs were seeded on mitomycin C (4 µg/ml)-treated 3T3-J2
fibroblast feeder layers (2 × 105 cells/cm2) in ‘Green’ medium
[3:4 Dulbecco’s minimal Eagle’s medium and 1:4 Ham’s F12, sup-
plemented with 10 % (v/v) foetal bovine serum, 20 mM Hepes,
100 units/ml penicillin, 100 µg/ml streptomycin, 5 µg/ml insu-
lin, 0.5 µg/ml cortisol, 0.1 nM cholera enterotoxin, 0.01 µg/ml
recombinant human epidermal growth factor, 0.25 µg/ml ampho-
tericin B and 180 µM adenine]. The dissociated mouse DRG
neurons were seeded, 2 days after the seeding of NHEKs, on the
cell layer and then cultured for an additional 1 week.

Ca2+ imaging in single NHEKs

Changes in [Ca2+]i in single cells were measured by the fura 2
method as described by Grynkiewicz et al. [22] after minor modi-
fications [23]. In brief, the culture medium was replaced with
BSS (balanced salt solution) of the following composition (mM):
NaCl 150, KCl 5.0, CaCl2 1.8, MgCl2 1.2, Hepes 25 and D-glu-
cose 10 (pH 7.4). Cells were loaded with fura 2 by incubation
with 5 µM fura 2/AM (fura 2 acetoxymethyl ester; Molecular
Probes, Eugene, OR, U.S.A.) at room temperature (20–22 ◦C)
in BSS for 45 min, followed by washing with BSS and a further
15 min incubation to allow de-esterification of the loaded dye.
The coverslips were mounted on an inverted epifluorescence
microscope (TMD-300; Nikon, Tokyo, Japan) equipped with a
75 W xenon lamp and band-pass filters of 340 and 360 nm wave-
lengths. Measurements were carried out at room temperature.
Images were recorded by a high-sensitivity silicon intensifier
target camera (C-2741-08; Hamamatsu Photonics, Hamamatsu,
Japan) and the image data were regulated by a Ca2+ analysing
system (Furusawa Laboratory Appliance, Kawagoe, Japan). The
absolute [Ca2+]i was estimated from the ratio of emitted fluore-
scences (F340/F360) according to a calibration curve obtained by
using Ca2+ buffers. For Ca2+-free experiments, Ca2+ was removed
from the BSS (0 Ca2+). Drugs were dissolved in BSS and applied
by superfusion. For mechanical stimulation, a single NHEK in
the centre of the microscopic field was probed with a glass micro-
pipette using a micromanipulator (Narishige, Tokyo, Japan).
Under visible light, the tip of the micropipette was positioned
approx. 2 µm over the cell to be stimulated. When sampling,
the micropipette was rapidly lowered by approx. 2 µm and then
rapidly returned to its original position. If the stimulated cell
showed no increase in fluorescence, the pipette was lowered again
until stimulation was seen. If the stimulated cell showed any sign
of damage (dye leakage or abnormal morphology), the experiment
was eliminated. For confocal Ca2+ imaging, the cells were loaded
with 5 µM fura 4/AM for 30–40 min at room temperature and
then mounted on a microscope (TE-2000; Nikon) equipped with
a CSU-10 laser-scanning unit (Yokogawa, Tokyo, Japan) and a
high-sensitivity CCD (charge-coupled-device) camera (ORCA-
ER; Hamamatsu Photonics), as described previously [24]. To
compensate for the uneven distribution of the fluo-4, self-ratios
were calculated (Rs = F/F0), which were subsequently converted
into Ca2+ concentration using the following equation:

[Ca2+]i = RsKd/[(Kd/[Ca2+]rest) − Rs]

The Kd value of fluo-4 for NHEKs was taken to be 706 nM as
determined by an in vivo calibration method.

Table 1 Primer pairs and end-products

Amplicon shows the base pairs of the PCR end-product.

Gene Primer Size (-mer) Amplicon (bp)

P2Y1 F: 5′-GAGGGCCCGGCTTGATT-3′ 17 67
R: 5′-ATACGTGGCATAAACCCTGTCA-3′ 22

P2Y2 F: 5′-TGGTGCGCTTCCTCTTCTACA-3′ 21 72
R: 5′-ACCGGTGCACGCTGATG-3′ 17

P2Y4 F: 5′-TCATGGCTCGTCGCCTGTA-3′ 19 67
R: 5′-AGAGAGCGGAGGCGAGAAG-3′ 19

P2Y6 F: 5′-CCTGCCCACAGCCATCTT-3′ 18 116
R: 5′-CAGTGAGAGCCATGCCATAGG-3′ 21

P2Y11 F: 5′-CTGCCCTGCCAACTTCTTG-3′ 19 78
R: 5′-ACCAGTATGGGCCACAGGAA-3′ 20

P2Y12 F: 5′-CCTTTCCATTTTGCCCGAAT-3′ 20 74
R: 5′-GTATTTTCAGCAGTGCAGTCAAAGA-3′ 25

Imaging of ATP release

ATP release from NHEKs was detected with a luciferin–luciferase
bioluminescence assay. After an initial 30 min superfusion period,
superfusion was stopped and the cell chamber was filled with
BSS containing a luciferase reagent (ATP bioluminescence assay
kit CLS II; Roche Diagnostics, Mannheim, Germany). ATP
bioluminescence was detected and visualized with a VIM camera
(C2400-35; Hamamatsu Photonics) using an integration time of
30 s. The absolute ATP concentration was estimated using a stan-
dard ATP solution (ATP bioluminescence assay kit CLS II).

Immunocytochemistry

Cultures were fixed with 4 % (w/v) paraformaldehyde for 10 min
and soaked in PBS solution. Cells were incubated with primary
antibodies (rabbit anti-peripherin antibody, 1:200; Chemicon,
Temecula, CA, U.S.A.; monoclonal mouse anti-cytokeratin14
antibody, 1:100; Cymbus Biotechnology, Chandlers Ford, U.K.),
dissolved in blockace solution (1:10 dilution; Dainippon, Osaka,
Japan) for 1 h at room temperature and then covered with diluted
(1:500) secondary fluorescent antiserum solution (Alexa488- and
Alexa546-conjugated rabbit and mouse anti-IgGs respectively)
and kept at 4 ◦C overnight. Then, the cells were washed three
times with PBS containing 0.05 % Tween 20 for 15 min and
mounted with Vectashied (Vector Laboratories, Burlingame, CA,
U.S.A.). Images were obtained by confocal microscopy (Radiance
2000; Bio-Rad Japan, Tokyo, Japan).

Reverse transcriptase (RT)–PCR of P2 receptors

The total RNA was isolated and purified using RNeasy mini kits
(Qiagen) according to the manufacturer’s instructions. RT–PCR
amplifications were performed using Taqman One-step RT–
PCR Master Mix Reagents and 200 nM of each P2 receptor-
specific primer. Using the software Primer Express (Applied
Biosystems, Tokyo, Japan), clone-specific primers were designed
to recognize human P2Y receptors, as shown in Table 1. All
primers had similar melting temperatures for running the same
cycling programme for all samples. RT–PCR was performed by
30 min reverse transcription at 48 ◦C, 10 min AmpliTaq Gold
activation at 95 ◦C, then 15 s denaturation at 95 ◦C and, finally,
1 min annealing and elongation at 60 ◦C for 40 cycles in a
PRISM 7700 (Applied Biosystems). To exclude contamination
by unspecific PCR products such as primer dimers, melting curve
analysis was performed on all the final PCR products after the
cycling procedure.
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Figure 1 Increases in [Ca2+]i evoked by both applied ATP and UTP in NHEKs

(A) Sequential pseudo colour images of Ca2+ responses to 100 µM ATP (a) and UTP (b). Images were obtained from a confocal laser microscope, showing self-ratios of fluo-4 fluorescence. Images
were recorded 2 s before (− 2 s) and 2, 10 and 20 s after ATP or UTP application. (B) Concentration–response curves for (a) ATP- and (b) UTP-evoked increases in [Ca2+]i in NHEKs. Increases in
[Ca2+]i in NHEKs were monitored by ratiometric fura 2 fluorescence (�F 340/F 360) and were then converted into absolute value of [Ca2+]i using a standard calibration curve. The maximum [Ca2+]i

increase was observed when cells were stimulated with 300 µM ATP (a) or UTP (b). The increase in [Ca2+]i at each ATP or UTP concentration was normalized by the maximum increase in [Ca2+]i . Re-
sults are the means +− S.E.M. for 28–73 cells tested. Both the ATP- and UTP-evoked concentration–response curves were almost identical with the ED50 values of 21 and 20 µM respectively.

Statistics

Experimental results are expressed as means +− S.E.M. and
statistical differences between two groups were determined by
Student’s t test.

RESULTS

Characterization of ATP-evoked [Ca2+]i increases in NHEKs

Exogenously applied ATP induced an increase in [Ca2+]i in
NHEKs with an ED50 value of 21 µM (Figures 1Aa and 1Ba).
UTP also caused an increase in [Ca2+]i in the cells, with a simi-
lar ED50 value of 20 µM (Figures 1Ab and 1Bb). The ATP-evoked

increase in [Ca2+]i was almost independent of the extracellular
Ca2+, but was decreased by U73122, an inhibitor of phospho-
lipase C, and thapsigargin, an inhibitor of Ca2+-ATPase of Ca2+

stores, suggesting the involvement of inositol 1,4,5-trisphos-
phate/phospholipase C-linked metabotropic P2Y receptors in the
Ca2+ responses (Figure 2A). UTP activates UTP-preferring P2Y2

and P2Y4 receptors, and UDP, generated by de-phosphorylation
of UTP, stimulates P2Y6 receptors. We therefore analysed the
expression of mRNAs for these P2Y receptors using an RT–
PCR method and detected the signals for P2Y1, P2Y2 and P2Y11

receptors (Figure 2B, inset). Each PCR product possessed the
predicted length (Table 1). Signals for P2Y4, P2Y6 and P2Y12 were
hardly detected in NHEKs. To confirm the functional responses
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Figure 2 Characterization of P2 receptor-mediated Ca2+ responses in
NHEKs

The ATP-evoked increases in [Ca2+]i in NHEKs were characterized. Increases in [Ca2+]i in cells
were calculated by ratiometric fura 2 fluorescence (�F 340/F 360) and a standard calibration curve.
Values were normalized by the Ca2+ response at 100 µM ATP or UTP and were expressed as a
percentage of ATP or UTP alone (C, right). (A) ATP was applied to NHEKs for 20 s and the U73122
(5 µM) was applied to the cells 10 min before and during the ATP application. Thapsigargin
(100 nM) was applied to the cells 5 min before and during the ATP application. Results were
obtained from 28 to 61 cells tested (at least two independent experiments). **P < 0.01, signi-
ficant differences from the response evoked by ATP alone. (B) Pharmacological characterization
of Ca2+ responses in NHEKs. UTP was as potent as ATP. ATPγ S and αβmeATP were much less
potent than ATP. 2meSADP and UDP caused only slight increases in [Ca2+]i in NHEKs. Results
were obtained from 24 to 57 cells tested (at least two independent experiments). The inset shows
the agarose-gel electrophoresis, indicating expression of mRNAs for various P2Y receptors in
NHEKs. (C) Suramin (300 µM) inhibited both the ATP- and UTP-evoked increases in [Ca2+]i

in NHEKs. Results were obtained from 117 to 128 cells tested (four independent experiments).
**P < 0.01, significant differences from the response evoked by ATP or UTP alone.

of these P2Y receptors, we further performed pharmacological
analysis using the fura 2-based Ca2+ imaging methods. The
increase in [Ca2+]i evoked by UTP was almost identical with
that evoked by ATP. Both the P2Y11 receptor agonist ATPγ S
(adenosine 5′-[γ -thio]triphosphate) and the P2X receptor agonist
αβmeATP (α,β-methylene-ATP) caused increases in [Ca2+]i, but
they were less than those caused by ATP or UTP. 2meSADP
(2methyl-thio-ADP), a P2Y1 receptor agonist, and UDP, a P2Y6

receptor agonist, evoked only slight increases in [Ca2+]i in the
cells. The potency rank order for the Ca2+ response was ATP =
UTP > ATPγ S >αβmeATP > 2meSADP > UDP (Figure 2B).

Cross-desensitization was observed between ATP and UTP
(results not shown). Suramin at 300 µM decreased both the ATP-
and UTP-evoked [Ca2+]i increases (Figure 2C: 29.8 +− 2.2% of
ATP alone, n = 128; 44.1 +− 2.7% of UTP alone, n = 117). These
results suggest that the P2Y2 receptors were responsible for
these responses.

Propagating Ca2+ waves in response to mechanical
stimulation in NHEKs

When an NHEK was stimulated with a glass pipette, an increase
in [Ca2+]i in the cell was observed, followed by induction of a
propagating Ca2+ wave after a time lag in neighbouring NHEKs
(Figure 3A, upper panels). The findings that the same cell evoked
a Ca2+ response to repeated (up to three times) mechanical stimu-
lations (results not shown) and that the cell showed some sign
of damage suggest that mechanical stimulation would not cause
injury to the stimulated cells. The propagation of Ca2+ waves
was abolished by 80 units/ml apyrase [grade III; Figures 3A
(lower panels) and 3B]. Both the P2 receptor antagonists
suramin (300 µM) and pyridoxal phosphate-6-azophenyl-2′,4′-
disulphonic acid (100 µM) significantly inhibited the Ca2+ wave;
however, adenosine 3′-phosphate 5′-phosphosulphate (100 µM),
an antagonist to the P2Y1 receptor, and 1-octanol (500 µM), an
inhibitor of gap junction, did not affect the Ca2+ waves (Fig-
ure 3C). The [Ca2+]i increase in the stimulated cells was not
affected by these antagonists. All these findings suggest that the
propagating Ca2+ wave in response to mechanical stimulation in
NHEKs was mediated by extracellular ATP and mainly by the
activation of P2Y2 receptors.

Release and diffusion of ATP from NHEKs

To demonstrate directly the stimulus-evoked release of ATP from
NHEKs, we modified the luciferin–luciferase chemiluminescence
bioassay for detecting ATP levels by using a high-sensitivity
single photon-counting camera to correlate photon counts with
increases in extracellular ATP. NHEKs were bathed in a solution
containing the luciferin–luciferase reagents and photons were
counted before and 30 s after mechanical stimulation of an NHEK.
Figure 4(a) shows a phase-contrast image of a microscopic field,
and Figures 4(b) and 4(c) show bioluminescence images be-
fore and after mechanical stimulation in the same field respect-
ively. The standard calibration curve obtained under this condition
showed a high correlation between the bioluminescence intensity
and the ATP concentration with a correlation coefficient of
0.986 over a concentration range of 10 nM–10 µM (Figure 4d).
The resting level of the bioluminescence signal was very low;
then, it was increased to a level sufficient to evoke increases
in [Ca2+]i in NHEKs (3.2 +− 0.91 µM, n = 12) in response to
mechanical stimulation for 30 s (Figures 4c and 4f). To visualize
the spatiotemporal dynamics of the stimulus-evoked release of
ATP from NHEKs, the extracellular ATP levels were plotted as
pseudo colour images using the Excel 2-D surface plot program.
As shown in Figures 4(e) and 4(f), the levels of extracellular
ATP after mechanical stimulation were highest at the site of
stimulation and decreased concentrically. These results show that
the mechanically evoked Ca2+ waves were well associated with the
release of ATP from NHEKs and the activation of P2Y2 receptors.

Ca2+ waves in NHEKs activate increase in [Ca2+]i in DRG neurons

As described in the Introduction section, sensory neurons ter-
minate in the skin. Hence, a co-culture of NHEKs and mouse
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Figure 3 Propagation of Ca2+ waves in response to mechanical stimulation in NHEKs

(A) Phase-contrast (left) and pseudo [Ca2+]i images of a field of cultured NHEKs in the absence (upper panels) and presence (lower panels) of apyrase (80 units/ml). Increase in [Ca2+]i was estimated by
ratiometric fura 2 fluorescence (�F 340/F 360) and was then converted into absolute [Ca2+]i using a standard calibration curve. A single NHEK was mechanically stimulated. (B) Plots of [Ca2+]i as a func-
tion of time in four individual NHEKs in the microscopic field. The plots for the non-stimulated cells (blue, green and red traces) horizontally regressed in proportion to their distance from the stimulated
cell (black traces) as indicated by the scale bar. In a control experiment, mechanical stimulation of NHEK 1 (black trace) resulted in the induction of a Ca2+ wave in adjacent cells after a time lag (upper
traces). However, in the presence of apyrase (80 units/ml), mechanical stimulation failed to cause increases in [Ca2+]i in the surrounding NHEKs (lower traces). The diameter of the spreading
distance of the Ca2+ wave was calculated in the absence and presence of various chemicals and is summarized in (C). The average diameter of the Ca2+ wave under the control condition was
93.4 +− 9.7 µm (n = 12). Suramin (300 µM), pyridoxal phosphate-6-azophenyl-2′,4′-disulphonic acid (PPADS; 100 µM) and U73122 (5 µM) also abolished the propagation of Ca2+ waves, but
adenosine 3′-phosphate 5′-phosphosulphate (A3P5PS; 100 µM), 1-octanol (500 µM) or removal of extracellular Ca2+ (0 Ca2+) failed to inhibit the mechanical-stimulation-evoked Ca2+ wave in
NHEKs (n = 8–12).

DRG neurons was prepared as described in the Experimental
section. Figure 5(A) shows an immunohistochemical image of
anti-cytokeratin14 (red) and anti-peripherin (green) antibodies,
which are markers for the basal layer of keratinocytes and
small-sized DRG neurons respectively. When stimulated with
80 mM KCl, almost all peripherin-positive DRG neurons
(Figure 5B, green traces) exhibited increases in [Ca2+]i, whereas
cytokeratin14-positive NHEKs (Figure 5B, red trace) did not.
Both ATP (100 µM) and UTP (100 µM) caused increases in
[Ca2+]i in 71% of the small-sized DRG neurons (37 out of 52 cells

tested; dF/F0 = 6.3 +− 0.8 for ATP and 5.8 +− 0.6 for UTP; n = 37
in four separate experiments), and 73% of NHEKs (58 out of
79 cells tested; dF/F0 = 5.1 +− 0.7 for ATP and 4.3 +− 0.4 for UTP;
n = 58 in four separate experiments). The UTP-evoked increases
in [Ca2+]i in both types of cells were reproducible, and the first and
second UTP-evoked responses were almost identical. The average
diameter of the small-sized DRG neurons was 21.8 +− 3.5 µm.
Suramin (100 µM) inhibited the UTP-evoked increases in [Ca2+]i

in both types of cells (DRG neurons, 10.2 +− 2.1% of UTP alone,
n = 37; NHEKs, 32.1 +− 4.6% of UTP alone, n = 58). Thus
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Figure 4 Visualization of release of ATP from NHEKs

The images show photon counts (yellow dots) in a field of NHEKs bathed in luciferin–luciferase reagent before (b) and after (c) mechanical stimulation. The position of pipette is shown in a
phase-contrast image of NHEKs (a). (d) A typical bioluminescence intensity–ATP concentration relationship under these conditions. Various concentrations of ATP standard solution were injected
in the presence of the luciferin–luciferase reagent, and photons were then accumulated for 30 s. (e, f) Spatial distribution of photon counts of mechanical stimulation shown as a two-dimensional
pseudo colour surface plot. Scale bar, 50 µm for images a–c.

Figure 5 Immunohistochemical staining of DRG neurons and NHEKs

(A) After some Ca2+ imaging experiments, cells were fixed and stained with anti-cytokeratin14 and anti-peripherin antibodies for confirming NHEKs and small-sized DRG neurons respectively.
(B) Representative Ca2+ responses obtained from self-ratios of fluo-4 fluorescence in anti-peripherin-positive DRG neuron (green) and anti-cytokeratin14-positive NHEK (red). First, cells were
stimulated with 80 mM KCl for 3 s. Then, they were stimulated with 100 µM ATP for 10 s and 100 µM UTP for 10 s separated by 5 min. Finally, UTP (100 µM) was applied to the cells in the
presence of 100 µM suramin. Both ATP and UTP caused increases in [Ca2+]i in approx. 71 % of the DRG neurons (37 out of 52 cells tested) and in 73 % of the NHEKs (58 out of 79 cells tested) in
the co-cultured cells.

most of the small-sized neurons also expressed UTP-preferring
suramin-sensitive P2Y receptors, presumably P2Y2 receptors.
In the co-culture of NHEKs and DRG neurons, mechanical

stimulation of a single NHEK produced a propagating Ca2+ wave
in adjacent NHEKs in an extracellular ATP-dependent manner
(Figure 6A). Interestingly, this Ca2+ wave in the NHEKs was
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Figure 6 For legend see next page
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followed by an increase in [Ca2+]i in the DRG neurons after a
time lag (Figures 6Ae and 6B, trace N4). The increases in [Ca2+]i

in DRG neurons were also dependent on extracellular ATP and
the activation of P2 receptors, since the ATP-degrading enzyme,
apyrase (grade III, 100 units/ml; Figures 6Cf and 6D), and suramin
(100 µM) inhibited the increase in [Ca2+]i (apyrase, 9.6 +− 0.9%
of S1, n = 21; suramin, 14.8 +− 1.9% of S1, n = 33). Thus we
concluded that the release of ATP in response to mechanical
stimulation from NHEKs functions as an intercellular molecule
between NHEKs and DRG neurons, which may affect nociceptive
transduction in peripherin-positive neurons.

DISCUSSION

In the present study, we have demonstrated that ATP is a dominant
extracellular signalling molecule in the formation of intercellular
Ca2+ waves in NHEKs. We also showed that extracellular ATP-
dependent Ca2+ waves in NHEKs caused increases in [Ca2+]i in the
adjacent DRG neurons. Thus ATP derived from NHEKs functions
in both an autocrine and paracrine manner in the peripheral skin-
to-sensory neuron system.

Both ATP and UTP caused increases in [Ca2+]i in NHEKs
to a similar extent. These Ca2+ responses were independent of
extracellular Ca2+, but dependent on inositol 1,4,5-trisphosphate-
sensitive Ca2+ stores, suggesting the involvement of metabotropic
P2Y receptors in the responses. ATP and UTP are natural ligands
at P2Y2 receptors, and are approximately equipotent. UTP also
activates P2Y4 receptors, but the human P2Y4 receptor is highly
selective for UTP than ATP [25]. UDP, an agonist to P2Y6

receptors, only slightly increased the [Ca2+]i in NHEKs [26,27].
Suramin moderately antagonizes human P2Y2 receptors but not
human P2Y4 receptors [28]. NHEKs expressed a large amount of
mRNAs for P2Y2 receptors, but not for P2Y4 or P2Y6 receptors.
All these pharmacological profiles showed that these responses
should be mediated by P2Y2 receptors (Figure 2). Very recently,
Greig et al. [29] have reported that skin cells express P2X5,
P2X7, P2Y1 and P2Y2 receptors, each of which is expressed in a
spatially distinct zone of the epidermis and has distinct cellular
functions. P2Y2 receptors are expressed in the lower layer of the
epidermis and are involved in proliferation, suggesting that
the NHEKs used in the present study might mimic the basal
cellular layer of skin cells in vivo.

The question remains as to whether endogenous ATP may
produce propagating Ca2+ waves in NHEKs. Several reports
have shown that mechanical stimulation produces a propagating
Ca2+ wave in non-excitable cells such as astrocytes [15,30] and
hepatocytes [12]. In astrocytes, extracellular molecules such as
glutamate [11,31] and ATP [15,30], rather than gap junctions [32],
are responsible for the propagation of Ca2+ waves. We sought
to determine whether extracellular ATP produces intercellular
Ca2+ waves in NHEKs. Mechanical stimulation of a single
NHEK resulted in the induction of an intercellular Ca2+ wave,
which was inhibited by the ATP-degrading enzyme, apyrase,

Figure 6 Dynamic communication between NHEKs and DRG neurons mediated by extracellular ATP

(A) Phase-contrast image (a) and pseudo colour [Ca2+]i images (self-ratios of fluo-4 fluorescence; b–f) in co-cultured NHEKs and DRG neurons obtained by confocal laser microscopy. The white
rectangle field in the middle of image b is shown enlarged in the bottom right of images b–f. The red arrowhead in image b depicts position 4 (DRG neuron 4). The white arrowhead in image c
shows the initiation of Ca2+ wave in response to mechanical stimulation (cell 1). Scale bar, 50 µm. (B) The graph shows individual traces of the self-ratios of fluo-4 fluorescence in keratinocytes
(K1–K3) and DRG neuron (N4) shown in image Aa. Keratinocyte 1 was mechanically stimulated twice (arrows S1 and S2) separated by 5 min. (C) Phase-contrast image (a) and pseudo colour
[Ca2+]i images (self-ratios of fluo-4 fluorescence; b–f) in co-cultured NHEKs and DRG neurons. The white rectangle field in the middle of image b is shown enlarged in the top right of images b–f.
The red arrowhead in image b depicts position 4 (DRG neuron 4). The white arrowhead in image c shows the initiation of Ca2+ wave in response to mechanical stimulation (cell 1). Scale bar, 50 µm.
(D) The graph shows individual traces of self-ratios of fluo-4 fluorescence in keratinocytes (K1–K3) and DRG neuron (N4) shown in image a in C. Keratinocyte 1 was mechanically stimulated twice
(arrows S1 and S2) separated by 5 min. The first and second mechanical stimulations were performed in the absence and presence of 100 units/ml apyrase (grey horizontal bar).

and the P2 receptor antagonist, suramin (Figure 3). The gap
junction inhibitor, 1-octanol, had little effect on the Ca2+ wave.
Imaging of the ATP release by the modified luciferin–luciferase
chemiluminescence clearly showed that the levels of extracellular
ATP after mechanical stimulation were highest at the site of
stimulation and decreased concentrically. These results strongly
suggest that the mechanically evoked Ca2+ waves in NHEKs are
mediated by extracellular ATP and by the activation of P2Y2

receptors. As in astrocytes [15,30], extracellular ATP appears to
play a pivotal role in creating the dynamic changes for long-range
signalling in NHEKs.

The responses mediated by P2Y2 receptors are probably layer-
specific. The ATP-evoked hyperpolarization is very high in the
basal layer but extremely low in the suprabasal layer in HaCaT
keratinocytes [33]. The mRNA level of P2Y2 receptors is down-
regulated in differentiating HaCaT cells [34]. Thus the inter-
cellular Ca2+ waves seen in the present study may be a response
restricted to the basal layer of keratinocytes in situ. The finding
that the barrier recovery rate of the mouse epidermis is regulated
by functional P2 × 3 [35] suggests that the skin expresses multiple
P2 receptors that are linked to distinct physiological functions.

There is an increasing body of evidence that ATP, the predo-
minant extracellular signalling molecule of astrocytes [15,30],
may also mediate signalling between neurons and glial cells [36–
38]. With regard to the skin-to-sensory neuron system, a similar
relationship may also be obtained. Especially, non-myelinated
small-sized DRG neurons (nociceptors) terminate in the periphery
as free nerve endings [39]. Thus nociceptors can directly contact
skin-derived extracellular molecules when skin cells are injured,
inflamed or otherwise stimulated. When cells are injured or de-
stroyed, very high concentrations of intracellular ATP (>5 mM)
could leak and affect the surrounding NHEKs and DRG neurons.
In the present study, however, we showed that the intercellular
Ca2+ waves in NHEKs were reproducible when the same cell was
stimulated repeatedly (Figure 6). Moreover, the increases in neu-
ronal [Ca2+]i in response to mechanical stimulation of NHEKs
were also reproducible. Thus it appears that extracellular ATP-
mediated NHEK-to-DRG neuron communication takes place
even when cell damage is not involved. Somatic sensation requires
the conversion of physical stimuli into depolarization of the distal
nerve endings. It has been reported that activation of P2Y1 recep-
tors in sensory fibres increases the frequency of spikes evoked by
a light touch of the skin [40]. Therefore the skin might sense and
transmit non-harmful stimuli to sensory neurons via ATP.

DRG neurons express various types of P2 receptors. Ionotropic
P2X receptors, especially P2X3 [41] and P2X2 [42] receptors in
small- and middle-sized DRG neurons respectively, have been
extensively studied in relation to pain. However, recent reports
suggest that some P2Y receptors are present in small-sized DRG
neurons and are involved in pain signalling. In small-sized neu-
rons, activation of P2Y1 or P2Y2 receptors sensitizes TRPV1
receptors via protein kinase C-dependent mechanisms [43],
stimulation of P2Y2 receptors enhances the [Ca2+] increase,
leading to the release of CGRP [44], and activation of P2Y2
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receptors results in phosphorylation of CREB (cAMP-response-
element-binding protein) [45]. We showed that approx. 70% of
both small-sized DRG neurons and NHEKs possess functional
P2Y2 receptors in the co-culture (Figure 5). In the peripheral
skin-to-sensory neuron system, P2Y2 receptors might be the main
sensor for both NHEKs and DRG neurons. However, we cannot
exclude the possibility that Ca2+ entry via P2X receptors is also
involved in Ca2+ signalling in DRG neurons. In fact, when skin
cells are killed, a large amount of intracellular ATP in the
skin leaks and excites nociceptors by activating P2X receptors
[46]. In a skin–nerve preparation, carrageenan inflammation of
skin resulted in an increase in the activities of c-fibres, which
was mediated by P2X receptors [47]. There might be multiple
mechanisms by which the skin communicates with sensory
neurons through ATP.

Apart from those of cell injury, the mechanisms underlying
ATP release from NHEKs remain unknown. In neuronal cells,
depolarizing stimulation resulted in exocytotic release of ATP in
hippocampal slices [48] and cultured hippocampal neurons [49].
However, in non-excitable cells including NHEKs, the mechanism
of ATP release is still a matter of debate. In astrocytes, there have
been several reports that ATP can be released via chloride channels
[50], gap junction hemi-channels [51], ATP-binding cassette [52]
and exocytosis [53,54]. NHEKs also express several types of
chloride channels [34,55,56], connexins [57–59] and SNARE
(soluble N-ethylmaleimide-sensitive fusion protein attachment
protein receptor) proteins [60,61]. Although these similarities
raise the possibility that NHEKs and astrocytes might share the
same mechanism for the release of ATP, further investigation is
needed.

In summary, we demonstrated that extracellular ATP derived
from NHEKs functions in both an autocrine and paracrine manner
in the peripheral skin-to-sensory neurons system. Metabotropic
P2Y2 receptors may be important sensors for extracellular ATP in
both NHEKs and small-sized DRG neurons.
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